DNA polymerases are essential enzymes responsible for replication and repair of DNA in all organisms. To replicate DNA with high fidelity, DNA polymerases must select the correct incoming nucleotide substrate during each cycle of nucleotide incorporation, in accordance with the templating base. When an incorrect nucleotide is sometimes inserted, the polymerase uses a separate 3 →5 exonuclease to remove the misincorporated base (proofreading). Large conformational rearrangements of the polymerase-DNA complex occur during both the nucleotide incorporation and proofreading steps. Single-molecule fluorescence spectroscopy provides a unique tool for observation of these dynamic conformational changes in real-time, without the need to synchronize a population of DNA-protein complexes.
Biological role of DNA pols (polymerases)
All living organisms require a mechanism for the efficient and accurate synthesis of DNA, thereby ensuring the faithful transmission of genetic information from one generation to the next. To achieve this objective, all organisms encode DNA pols that carry out the replication and repair processes required for normal cellular function [1] . DNA pols faithfully copy a DNA template by catalysing the stepwise addition of nucleotides on to the terminal 3 -hydroxy group of a DNA primer strand. DNA pols are a very diverse group of enzymes that differ vastly in size, cellular roles and replication fidelities. From amino acid sequence comparisons, DNA pols can be organized into seven families: A, B, C, D, X, Y and RT [2, 3] . Despite substantial structural diversity, all DNA pols contain fingers, palm and thumb domains, named because of the anatomical resemblance to a half-open right hand.
DNA pols from the A, B and X families are responsible for chromosomal replication and DNA repair processes in the cell. These pols replicate DNA with extremely high fidelity, as required to maintain the integrity of genomic information, but are blocked by lesions within the DNA template, such as photoadducts or abasic sites. In contrast, specialized DNA pols from the Y family have the ability to replicate through lesions, but copy undamaged DNA with low fidelity [4] . Hence these pols play an essential role in the avoidance of mutagenic changes arising from exposure to DNA-damaging agents, such as sunlight and small-molecule carcinogens.
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Origin of pol fidelity during nucleotide incorporation
Pre-steady-state chemical kinetic studies of the A family pols KF (Klenow fragment) [5, 6] and T7 DNA pol [7] have established that the pol activity of these enzymes occurs through the following sequence of events: (i) initial binding of a DNA n substrate (where n denotes the length of the primer strand) to the pol, forming a binary pol-DNA complex, (ii) binding of a nucleotide substrate to form a ternary pol-DNA-dNTP complex, (iii) isomerization of the ternary complex from an 'inactive' to an 'active' form, (iv) the chemical step of phosphoryl transfer, during which the 3 -hydroxy group of the primer DNA attacks the α-phosphate of the incoming nucleotide according to a two-metalion catalytic mechanism, (v) a second isomerization step, presumably back to the inactive form, (vi) pyrophosphate release, and (vii) release or translocation of the DNA n+1 product. Similar kinetic studies have since established that DNA pols from family B [8] , family X [9] and family Y [10] [11] [12] also function according to this scheme, although the rates of the elementary steps can vary widely.
This multistep process allows the pol to discriminate between correct and incorrect nucleotide substrates at several points in the nucleotide incorporation cycle, thereby enhancing the overall fidelity. Generally, the initial nucleotidebinding step discriminates poorly between correct and incorrect substrates, whereas the subsequent rate-limiting conformational change is strongly inhibited by an incorrect nucleotide substrate. However, the molecular basis for substrate discrimination at each of these steps is not well understood.
The nature of the rate-limiting conformational change preceding phosphoryl transfer has been of great interest since it was first discovered in KF and T7 DNA pols in the mid-1980s [5] [6] [7] . Despite the importance of this The upper left-hand panel shows the co-crystal structure of Klentaq1 pol and DNA, with the fingers domain in an open conformation [13] (PDB code 1KTQ). The right-hand panel shows the corresponding structure with the fingers in a closed conformation (PDB code 3KTQ). In both panels, the protein backbone is green, the DNA primer strand is orange and the template strand is purple. The O-helix within the fingers domain is light blue in the open structure and dark blue in the closed structure. In both panels, the positions of the donor and acceptor dyes used for FRET measurements are shown as green and process in nucleotide selection and pol fidelity, the precise nature of the molecular events involved is still obscure, although several hypotheses have been advanced. X-ray crystallographic studies of DNA pols have revealed that the fingers domain can exist in 'open' and 'closed' conformations ( Figure 1 ), suggesting that the rate-limiting conformational change during nucleotide incorporation corresponds to an open-to-closed transition of the fingers [13] . However, the results of molecular dynamics simulations of DNA pol β suggest that the conformational change involves the movement of critical amino acid residues within the active site [14] . Alternatively, rapid kinetic studies of DNA pol β suggest that the rate-limiting step corresponds to the binding of a second catalytic metal ion at the pol active site [15] . DNA primer/templates are immobilized on the inner quartz surface by means of biotin-streptavidin bonds, while the pol is present in the surrounding aqueous solution (not shown). The surface is treated with poly(ethylene glycol) groups to prevent non-specific adsorption of the pol [23] . DNA molecules and pol-DNA complexes at the surface are illuminated by the evanescent field of a laser beam that is totally internally reflected at the quartz/water interface. The resulting fluorescence emitted by the donor and acceptor dyes is collected through a water-immersion objective, spectrally separated with a dichroic mirror and detected on separate segments of a CCD (charge-coupled device) camera.
Exonucleolytic proofreading
Despite the high fidelity achieved during nucleotide selection and incorporation, incorrect nucleotides are sometimes incorporated into the nascent DNA. To deal with this problem, replicative pols possess an associated 3 →5 exo (exonuclease) activity that is used to excise misincorporated nucleotides from the nascent DNA strand. This proofreading process significantly enhances the overall fidelity of replicative DNA synthesis [16] . Structural and biochemical studies of several DNA pols have shown that the intrinsic pol and 3 →5 exo activities are located in separate structural domains of the enzyme [17, 18] . The pol and 3 →5 exo active sites are separated by ∼30 Å (1 Å = 0.1 nm) in KF [18] , raising the question of how a DNA substrate is able to move between the two. Transfer of DNA between the two sites must be carefully regulated to achieve efficient proofreading, while avoiding wasteful excision of correctly inserted bases.
Unsolved questions in DNA pol enzymology
Many critical aspects of DNA pol function remain poorly understood at the present time. Some of the key unsolved questions include the following.
Is the fingers domain an intrinsically mobile element of DNA pols?
How are nucleotide-binding and -recognition events linked to movement of the fingers?
What is the precise nature of the rate-limiting pre-chemical step during nucleotide incorporation?
Can a DNA substrate move between the spatially distinct pol and exo sites while remaining bound to the enzyme, or is dissociation and rebinding required?
How are the separate pol and 3 →5 exo activities physically co-ordinated to achieve efficient and highly accurate DNA replication?
Answers to these questions would provide fundamental insights into the molecular basis for DNA pol fidelity. More generally, the answers would contribute to a deeper understanding of the relationship between enzyme conformational dynamics and enzyme function.
Single-molecule fluorescence spectroscopy
Most of the unsolved questions listed above are related to the dynamic properties of DNA pol, which are difficult to study using existing techniques. Single-molecule fluorescence spectroscopy is emerging as a very powerful technique for dissecting multiple pathways and interactions in complex biological systems (reviewed in [19, 20] ). The observation of single-molecule behaviour obviously eliminates the need to synchronize a population of molecules, which is impossible for many systems, allowing kinetic processes to be observed at equilibrium. Moreover, single-molecule measurements can reveal intermediate states that are populated only transiently and are impossible to observe in an ensemble. These capabilities are essential for studying the conformational dynamics of DNA pols during the nucleotide incorporation and proofreading activities. For example, monitoring the different states of a single pol-DNA complex, in both the absence and the presence of an incoming nucleotide, should reveal how nucleotide binding and protein conformational changes are co-ordinated. In addition, by observing siteswitching transitions in a single pol-DNA complex, it would be immediately obvious whether the DNA remains bound to the enzyme during the transition from pol to proofreading activity or whether dissociation and rebinding is required. Hence, single-molecule measurements may yield unique insights into DNA pol mechanisms and provide answers to the unsolved questions listed above.
Monitoring pol conformational dynamics at the single-molecule level
The spectroscopic phenomenon of FRET (Förster resonance energy transfer) [21] can be exploited to detect transitions between open and closed conformations of a DNA pol at the single-molecule level in real time. One approach is to attach a donor dye to a specific base in the primer strand of the DNA substrate and a complementary acceptor dye to a specific amino acid residue in the fingers domain of the pol. If suitably positioned, this donor-acceptor pair can report the open-to-closed conformational transition as a shortening of the donor-acceptor distance and a corresponding increase in FRET efficiency (Figure 1 ). To implement this system at the single-molecule level, the donorlabelled DNA primer/template is immobilized on a quartz surface and TIRF (total internal reflection fluorescence) microscopy is used to visualize the binding of acceptorlabelled pol molecules from solution ( Figure 2 ). Spontaneous conformational transitions can be detected while the pol is bound to the immobilized DNA, in both the presence and the absence of nucleotide substrates. This system allows many hundreds of pol-DNA complexes to be monitored in parallel, providing statistically valid information.
Typical data obtained from such a system are presented in Figure 3 , in which the interaction of a single pol molecule (KF) with a single DNA primer/template is observed in the absence ( Figure 3A) or presence ( Figure 3B ) of a nucleotide substrate. In the absence of a nucleotide substrate, the pol frequently dissociates from the DNA and subsequently rebinds, manifested as repeated cycling between zero-FRET and finite-FRET states. Moreover, while bound, the pol fluctuates between distinct FRET states, corresponding to open and closed conformations of the fingers domain ( Figure 3A) . In contrast, when a correct incoming nucleotide (complementary to the templating base) is also present, the pol remains bound to the DNA for a longer period of time, on average, and exists mostly in a closed conformation (high-FRET state) ( Figure 3B ). Hence the presence of a correct incoming nucleotide substrate stabilizes the fingers in a closed conformation. Notably, this stabilization of the fingers domain is not observed in the presence of incorrect nucleotides (not complementary to the templating base).
Typically, thousands of such single-molecule FRET trajectories are analysed by hidden Markov modelling [22] , providing information on the equilibrium distribution of the different conformational states and the rate constants connecting them. Accordingly, these measurements can provide detailed information on the conformational dynamics of the pol, that is difficult, if not impossible, to obtain using conventional biochemical or biophysical methods.
A dynamic picture of DNA pol emerges from these single-molecule observations. The fingers domain appears to be an intrinsically dynamic structural element of the enzyme, continually fluctuating between open and closed conformations. This would allow free access of nucleotide FRET in the presence of the next required nucleotide (complementary to the templating base). The pol is bound to DNA for much longer periods of time, and, while bound, mostly populates the closed conformation (high-FRET state). In these examples, the primer 3 -terminus contains a dideoxy modification, preventing actual incorporation of nucleotides.
substrates to the pol active site. When a correct nucleotide occupies the active site, the fingers are locked into a closed conformation, presumably in readiness for the nucleotide incorporation process itself. If the nucleotide is incorrect, the fingers continue to open and close, allowing the incorrect nucleotide to escape and be replaced by the correct nucleotide required for the next round of primer extension.
In the examples shown in Figures 3(A) and 3(B) , the DNA primer terminus contains a 3 -dideoxy modification to prevent actual nucleotide incorporation. This modification allows for observation of protein conformational changes that precede the covalent chemistry step. However, the same single-molecule FRET system can also be used to monitor nucleotide-incorporation events when the primer terminus is unmodified (contains a 3 -hydroxy group). In this case, additional conformational changes can be observed after the chemical step, and the subsequent translocation of the pol along the DNA substrate can be detected as a change (decrease) in FRET efficiency. The same system can also be used to observe the response of the pol as it encounters a lesion within the DNA template. In this case, a defined lesion (e.g. thymine dimer, carcinogenic adduct or abasic site) can be incorporated into the template oligonucleotide during solid-phase chemical synthesis, and single-molecule TIRF measurements are conducted as before.
This FRET system can also be used to monitor the movement of a DNA substrate between the spatially distinct pol and exo active sites. The transfer of DNA between these sites is a key step in the proofreading mechanism that is used to remove misincorporated nucleotides, as noted above. Since the DNA primer terminus must travel a significant distance to reach the exo site (30 Å in KF), the distance between a DNA-bound donor dye and a protein-bound acceptor dye can be markedly different depending on whether the DNA primer terminus occupies the pol site or the exo site. The actual difference in donor-acceptor distance will also depend on the particular labelling sites chosen for the donor and acceptor. Hence, the movement of the DNA from one site to the other will cause a measurable change in FRET efficiency. This measurement can be performed on a single pol-DNA complex using the system shown in Figure 2 . If switching occurs between pol and exo sites within a single enzyme-DNA complex, without dissociation, then transfer must necessarily occur by an intramolecular mechanism (DNA sliding). Alternatively, if DNA dissociates from the pol site of one enzyme molecule and rebinds at the exo site of another enzyme molecule (intermolecular transfer), a completely different sequence of events will be observed in the FRET trajectories. Hence, the single-molecule observations can reveal directly the mechanism whereby the nascent DNA is transferred between pol and exo sites during the proofreading process. Moreover, the rate constants for site switching can be obtained from a statistical analysis of the dwell times in each site.
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